Exposure to dioxin and other aryl hydrocarbon receptor (AhR) ligands results in multiple, specific developmental cardiovascular phenotypes including pericardial edema and circulatory failure in small aquarium fish models. Although phenotypes are well described, mechanistic underpinnings for such toxicities remain elusive. Here we suggest that AhR activation results in stimulation of inflammation and ''eicosanoid'' pathways, which contribute to the observed developmental, cardiovascular phenotypes. We demonstrate that medaka embryos exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (0.05-1 ppb) during early development result in a dose-related increase in the prevalence of pericardial edema and that this phenotype correlates with an increase in cyclooxygenase-2 (COX-2) gene expression. Those individuals exhibiting the edema phenotype had significantly greater COX-2 mRNA than their nonedematous cohort. Selective pharmacological inhibition of COX-2, with NS-398, and genetic knock down of COX-2 with a translation initiation morpholino significantly attenuated prevalence and severity of edema phenotype. Subsequently, exposures of medaka embryos to arachidonic acid (AA) resulted in recapitulation of the pericardial edema phenotype and significantly increased COX-2 expression only in those individuals exhibiting the edema phenotype compared with their nonedematous cohort. AA exposure does not result in significant induction of cytochrome P450 1A expression, suggesting that pericardial edema can be induced independent of AhR/aryl hydrocarbon receptor nuclear translocator/dioxin response element interactions. Results from this study demonstrate that developmental exposure to TCDD results in an induction of inflammatory mediators including COX-2, which contribute to the onset, and progression of heart dysmorphogenesis in the medaka model.
Exposure to dioxin and other aryl hydrocarbon receptor (AhR) ligands results in multiple, specific developmental cardiovascular phenotypes including pericardial edema and circulatory failure in small aquarium fish models. Although phenotypes are well described, mechanistic underpinnings for such toxicities remain elusive. Here we suggest that AhR activation results in stimulation of inflammation and ''eicosanoid'' pathways, which contribute to the observed developmental, cardiovascular phenotypes. We demonstrate that medaka embryos exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (0.05-1 ppb) during early development result in a dose-related increase in the prevalence of pericardial edema and that this phenotype correlates with an increase in cyclooxygenase-2 (COX-2) gene expression. Those individuals exhibiting the edema phenotype had significantly greater COX-2 mRNA than their nonedematous cohort. Selective pharmacological inhibition of COX-2, with NS-398, and genetic knock down of COX-2 with a translation initiation morpholino significantly attenuated prevalence and severity of edema phenotype. Subsequently, exposures of medaka embryos to arachidonic acid (AA) resulted in recapitulation of the pericardial edema phenotype and significantly increased COX-2 expression only in those individuals exhibiting the edema phenotype compared with their nonedematous cohort. AA exposure does not result in significant induction of cytochrome P450 1A expression, suggesting that pericardial edema can be induced independent of AhR/aryl hydrocarbon receptor nuclear translocator/dioxin response element interactions. Results from this study demonstrate that developmental exposure to TCDD results in an induction of inflammatory mediators including COX-2, which contribute to the onset, and progression of heart dysmorphogenesis in the medaka model.
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Specific aryl hydrocarbon receptor (AhR) ligands are ubiquitous environmental contaminants and potent disruptors of cardiovascular development in vertebrates. In mammalian, avian and fish developmental models, embryonic exposure to AhR ligands result in hallmark toxicities including dilated cardiomyopathy, reduced cardiomyocyte proliferation (Aragon et al., 2008; Ivnitski et al., 2001; Kopf and Walker, 2009; Sedmera et al., 2002) , altered looping, elongated atrium, ventricular hypertrophy, and impairment of atrioventricular and ventricular outflow valve formation (Grimes et al., 2008; Mehta et al., 2008) . Associated reduction of cardiac efficiency eventually leads to congestive heart failure and, in fish and chick models, to edema and hemorrhage (Ivnitski et al., 2001; Walker and Catron, 2000) . These phenotypes are generally conserved across vertebrate species (Carney et al., 2008; Chen and Cooper, 1999; Hornung et al., 1999) ; however, there are noticeable differences between piscine, avian, and mammalian models (Kopf and Walker, 2009 ). Certain of these cardiovascular alterations are similar to human heart pathologies including hypoplastic left heart syndrome, a severe congenital malformation previously linked to environmental exposures of dioxins and polychlorinated biphenyls (PCBs) (Grimes et al., 2008; Hinton et al., 2007) . Using the occurrence and severity of these well-described developmental phenotypes, we have pursued an understanding of the mechanistic underpinning causally associated with AhR-induced cardiovascular toxicities.
Initial investigations with the small aquarium fish model, zebrafish, established the role of AhR and necessary coregulators of AhR signaling in onset and progression of developmental cardiovascular phenotypes (Carney and Prash et al., 2006) . These keystone studies followed by oligonucleotide knockdown procedures demonstrated the role of zebrafish AhR2 and zfARNT1 in 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-induced developmental toxicities (Antkiewicz et al., 2006; Antkiewicz et al., 2005; Prasch et al., 2006 Prasch et al., , 2003 . Because duplicate AhR and aryl hydrocarbon receptor nuclear translocator (ARNT) genes occur in teleosts, it was first essential to identify relevant gene paralogs for mediation of TCDD toxicity. These and other mechanistic investigations pointed to a ''classical'' nuclear mechanism including AhR/ARNT/dioxin response element (DRE) interactions as prerequisite for cardiovascular toxicities.
Evidence for an alternative nonclassical (nonnuclear) pathway of AhR activation was evolving concurrently with the above. In a seminal paper, Dong and Matsumura (2008) described AhR-mediated induction of inflammatory responses in MCF10A cells. This and subsequent studies demonstrated that cellular inflammatory mediators are highly responsive to AhR activation in vitro Matsumura, 2008, 2009; Dong et al., 2010; Li and Matsumura, 2008) . Induction of inflammatory response was described as independent of nuclear AhR/ARNT/DRE interaction, suggesting a deviation from the classical AhR mechanism. In refining this model, Matsumura (2009) , proposed that AhR activation triggers a nonnuclear signaling pathway that results in a rapid increase in intracellular calcium concentration, activation of cytosolic phospholipases (PLA 2 ), subsequent induction of COX-2, and resultant inflammatory response. This response to AhR activation occurs in multiple cell types including foam cells, macrophages, adipocytes, epithelial cells, and others (Dong and Matsumura, 2008; Li and Matsumura, 2008; Sciullo et al., 2009; Vogel et al., 2004) . Although effects of this signaling pathway are long lasting and ascribed to manifestation of chronic hallmark toxicities of TCDD-AhR activation such as wasting syndrome and hydronephrosis (Matsumura, 2009; Nishimura et al., 2008) , limited work suggests that this pathway may be of importance in developmental phenotypes observed in small aquarium fish models.
Cyclooxygenases-2 (COX-2) also known as prostaglandin (PG) endoperoxide G/H synthases are known targets of AhR activation. These enzymes catalyze rate-limiting steps in production and secretion of the entire family of prostanoids (Vane et al., 1998) . COX-2 is rapidly upregulated in response to a variety of inflammatory signals and contributes to acute inflammatory progression through production of pro-and antiinflammatory ''eicosanoids'' (Smith et al., 2000; Vane et al., 1998) . Studies using small aquarium fish models such as zebrafish demonstrate a linkage between COX-2 and TCDDinduced developmental-cardiovascular phenotypes. Teraoka et al., (2009) demonstrated that COX-2 inhibition rescues TCDD-induced circulatory failure in zebrafish mesencephalic vein. In a companion study, a reduction in incidence of TCDDinduced pericardial edema was additionally observed following COX-2 inhibition (Teraoka et al., 2008) . Linkage between pericardial edema phenotype and COX-2 induction, however, is not restricted to AhR ligands. Zebrafish embryos exposed to aristolochic acid a Chinese herbal medicine similar to arachidonic acid (AA), and not an AhR ligand, developed significant cardiovascular deformations including pericardial edema (PE), ventricular hypertrophy, and apparent focal destruction of endocardium (Huang et al., 2007) . Inflammation markers including both COX-2 and interleukin (IL)-1b were induced, and both onset and severity of PE phenotype were attenuated by addition of certain COX-2 inhibitors. It thus appears that COX-2 plays a significant role in both normal heart development and onset of aberrant cardiovascular phenotypes. Herein, we demonstrate that AhR activation results in stimulation of the COX-2 inflammatory pathway following TCDD exposure in a small aquarium model of human disease. We demonstrate that medaka embryos exposed to TCDD during early development result in a dose-related increase in the prevalence of PE and that this phenotype correlates with modification of COX-2 gene expression. Further, studies with AA exposures demonstrate that both onset and progression of PE can be produced independently of AhR/ARNT/DRE signaling. We thus propose that both TCDDand AA-induced developmental cardiovascular toxicities are at least partially mediated through dysregulation of COX-2 during heart development.
MATERIALS AND METHODS
Medaka culture and embryo collection. Fish care and maintenance was provided daily in accordance with North Carolina State University IACUC approved animal protocol (NCSU# 07-183-B). Brood stock were housed in a charcoal-filtrated and UV-treated recirculating aquatic system. Water temperature and pH were monitored daily and maintained at~25°C ± 2°C and~7.4, respectively, and broodstock were maintained under a strict light: dark cycle of 16:8 h. Dry food (Otohime B1; Reed Mariculture, Campbell, CA) was fed several times per day via automated feeders with once daily supplementation of newly hatched Artemia nauplii. Under the care and culture conditions described above, medaka spawned daily producing 20-30 embryonated eggs per mass. Eggs were collected and separated (disruption of attachment filaments joining individual eggs) by gentle rolling on a moistened surface. Groups of individual embryonated eggs of specified collection date and developmental stage (Iwamatsu, 2004) were suspended in a 2% saline solution made using Instant Ocean (Aquatic Ecosystems, Apopka, FL) in a 100-3 20-mm tissue culture dish (BD Biosciences, Franklin Lanes, NJ) and housed at 26°C under gentle movement. After 5days, marine water was replaced with 13 embryo rearing medium (ERM) containing: 17.1mM NaCl and, in lMs, 272 CaCl 2 Á2H 2 O, 402 KCl, and 661 MgSO 4 Á7H 2 O until hatching usually 9 days postfertilization (dpf). Embryos were examined under a dissecting microscope and selected (structurally normal) embryos within a 4-5 hours postfertilization (hpf) (stages 8-9) of development were assigned to each experiment.
Chemicals. TCDD (or dioxin) (99% purity) was purchased from Cambridge Isotope Laboratories (Andover, MA). AA (99% purity), and NS-398 (98% purity), was purchased from Calbiochem (North American affiliate of Merck KGaA, Darmstadt, Germany). All chemicals were dissolved in 100% high-performance liquid chromatography-grade dimethyl sulfoxide (DMSO).
Exposures. Medaka embryos 4-5 hpf (developmental stages 8-9; Iwamatsu, 2004) were collected and processed as described above. All exposures were conducted in six-well tissue culture plates (Corning, Corning, NY). For each exposure, embryos were treated in three replicate experimental wells containing 10 embryos per well and each experiment replicated at least three times. Embryos were exposed to TCDD between 0.01 and 1 ppb for 1 h followed by three replicate rinses with 13 ERM. For coexposures of TCDD and NS398, embryos were first treated with TCDD, then washed with 13 ERM followed by addition of 20lM NS398. NS398 was renewed daily with media changes. Embryos were exposed to AA between 100 and 450lM, and AA-spiked media was renewed daily. To achieve coexposure of AA and NS398, embryos were first treated with AA followed by addition of NS398 1 h latter. A COX-2 morpholino (MO) antisense oligonucleotide 214 DONG, MATSUMURA, AND KULLMAN 5#-GAGTTCATGCTCCTGAGTTTGATCT-3# was purchased from GeneTools, LLC (Corvalis, OR, http://www.gene-tools.com). Injections were made in one-to two-cell-stage medaka embryos using beveled glass injection pipettes, a Medical Systems Cooperation PL-1000 microinjector, and Narishigie, Inc., micromanipulators, under a dissecting scope with transmitted illumination. Embryos were maintained at 26°C and monitored daily for phenotypic characterization.
Total RNA isolation. RNA extractions for vehicle, NS-398, TCDD, TCDD þ NS-398, AA, and AA þ NS-398-exposed embryos were conducted 6 days postexposure (dpe). Embryos were homogenized with 1 ml of RNA Bee (TelTest, Friendswoood, TX) using a stainless steel Polytron homogenizer (Kinematica, Newark, NJ) cleaned with RNaseZAP (Sigma), diethylpyrocarbonate-treated water, and sterile deionized water. Following homogenization, total RNA was isolated as described in Volz et al. (2005) . Prior to sample elution, each sample was on-column-digested with DNase to eliminate DNA contamination using an RNase-free DNase Set according to manufacturer's instructions (Qiagen, Germantown, MD) and then eluted with 30 ll of warmed (52°C) RNase-free water. RNA quantity and 260/280 ratios were determined using a NanoDrop ND-1000 spectrophotometer.
Real-time PCR. Synthesis of cDNA was conducted with 250 ng total RNA using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems): random hexamers, MultiScribe Reverse Transcriptase (RT), RNase inhibitor, deoxynucleotide triphosphate mix, and 103 RT buffer in a 20-ll reaction. Relative levels of cytochrome P450 1A (CYP1A), COX-2, and 18s transcripts in DMSO, NS-398, AA, TCDD, TCDD þ NS-398, and AA þ NS398-treated embryos were measured using real-time PCR. The following medaka-specific real-time PCR primers were designed using PrimerQuest (Integrated DNA Technologies): COX-2, forward primer 5#-CCCTATGCGTCTTTTGAGGA-3#, reverse primer 5#-AACAATGTC-GAAGCCTACGCT-3#; and 18s, forward primer 5#-CCTGCGGCTTAATTT-GACTC-3#, reverse primer 5#-GACAAATCGCTCCACCAACT-3#. COX-2 and 18s cDNAs were PCR amplified separately in triplicate using a 96-well PCR plate and an ABI PRISM 7000 Sequence Detection System (Applied Biosystems). For each 25-ll real-time PCR reaction, cDNAs were amplified using 1 ll (0.1-1 ng/ll) first-strand cDNA, 9.5 ll RNase-free water, 1 ll of 5lM forward primer, 1 ll of 5lM reverse primer, and 12.5 ll of 23 QuantiTect SYBR Green PCR Master Mix (AB applied biosystems). Realtime PCR reaction conditions were 95°C for 15 min followed by 41 cycles of 94°C for 15 s, 55°C for 30 s, and 72°C for 1 min. Relative quantitation of gene expression within each reaction was calculated following manufacturer's instructions (User Bulletin #2, ABI PRISM 7700 Sequence Detection System; Applied Biosystems). For each sample, the threshold cycle for reference (18s) amplification (C t,18s ) was subtracted from the threshold cycle for target amplification (C t, COx-2 ) to yield a C t . The threshold cycle represents the cycle number at which the fluorescence signal is significantly above the baseline. The mean or SD of C t for DMSO-treated samples was subtracted from the mean or SD of C t for TCDD-treated samples to yield a mean and SD of C t for each target. Fold induction relative to DMSO-treated individuals and 95% confidence intervals were calculated using 2 -Ct (Livak and Schmittgen, 2001 ).
Histology and imaging. All medaka embryos were fixed in 2% paraformaldehyde/PBS (pH 7.4) for 72 h at 4°C and stored in 6% sucrose/PBS (pH 7.4) at 4°C until decorionating, mounting, and sectioning. Fish were oriented in lateral recumbency and embedded in water-soluble monomer glycol methacrylate (GMA) in Technovit 7100 glycol methacrylate (GMA Kit from EB Sciences East Granby, CT) to increase resolution of morphologic assessment. Dehydration, infiltration, and hardening followed the manufacturer's recommendations. A Leica 2065 Supercut Microtome (Leica Microsystems, Inc., Bannockburn, IL) with a knife holder for triangular glass knives was used for sectioning (2.5 lm thickness). Mounted sections were stained by H&E.
Medaka embryos were surveyed for presence of PE and imaged with a Nikon SMZ1500 camera equipped with a Nikon camera (digital sight DS-Fi1, Kanagawa, Japan) and Nikon NIS-Elements imaging software (Nikon, Melville, NY). Morphometric analyses of images were performed using Image J (National Institutes of Health, Bethesda, MD) and identical orientation (right lateral recumbency). Severity and incidence of PE were determined based on the original image scale and planar analysis yielded areal estimates for pericardial cavity. GMA-embedded H&E stained sections were surveyed for presence of heart alterations and imaged with a Nikon Eclipse E600 light microscope, a Nikon DXM 1200 digital camera, and EclipseNet imaging software (Nikon).
Statistical analysis. Real-time PCR data and TCDD-induced PE were tested for significant differences within treatment using a Prism4 software package (GraphPad Software, Inc., San Diego, CA). Data were logarithmically transformed as needed to improve equality of variances (ANOVA, p value < 0.05), followed by Newman-Keuls Multiple Comparison test. Each experiment in which real-time RT-PCR was performed consisted of three replicates of 10 pooled embryos. The statistical analysis was consistent between replicated experiments in all cases.
RESULTS

TCDD-Induced Edema and COX-2 Expression in Medaka
Embryos at 6 dpf Medaka embryos exposed to dioxin between 0.05 and 1 ppb showed increased incidence and severity of well-described developmental phenotypes in fish embryos. These included PE, yolk sac edema, decreased vascular flow extending to stasis, hemorrhage, and disruption in heart morphogenesis including improper heart looping. Signs of heart failure were evident at 5 dpe with loss of ventricular contractions and circulation. Hearts failed to loop correctly and appeared as an elongated linear tube stretching across the pericardial cavity. Pericardial edema was extreme and heart area was drastically diminished (Fig. 1) .
Incidence and severity of cardiovascular phenotypes including PE were dose dependent ( Figs. 2A and 2B ). PE was first observed 5 dpe at a dose of >0.5 ppb. An increase in size of the pericardial sac was observed with a continued increase in pericardial volume at each subsequent day of analysis. Significant change from control in PE incidence and severity was observed 6 dpe at concentration ! 0.2 ppb. All subsequent analyses were conducted at this time point. Severity and incidence of PE was determined by measuring total pericardial area in lateral recumbency using NIH Image J software. Incidence of PE was scored positive when the pericardial area of the individual was larger than the than the average (þ/À) SE of the pericardial area within the nontreated control group.
To examine the premise that inflammatory regulators mediate PE, we determined whether expression of COX-2 was altered following TCDD treatment. Medaka embryos (4 hpf) were exposed to TCDD between 0.01 and 1 ppb, for 1 h, then washed in embryo rearing media, and incubated for a total of 6 days. Three sets of 10 embryos each were pooled, and COX-2 expression was determined by quantitative PCR (qPCR). Results demonstrate that TCDD exposure produced a concentration-dependent rise in COX-2 gene expression when compared with control (Fig. 3) . Significant induction of COX-2 mRNA was observed at >0.2 ppb TCDD consistent with the concentration required for onset of PE. COX-2 PERICARDIAL EDEMA AND RELATIVE COX-2 EXPRESSION ORYZIAS LATIPES expression increased concomitant with TCDD concentration with a maximum of threefold at 1 ppb. Changes in COX-2 expression were significant at p! 0.05 for concentrations 0.2, 0.5, and 1 ppb TCDD. To further investigate the relation between PE and COX-2 gene expression, a second cohort of embryos were exposed to 1 ppb TCDD as described above, incubated for 6 days, and then separated into two populations. The first population was comprised of individual TCDDexposed embryos exhibiting PE. The second population consisted of individual TCDD-exposed embryos not exhibiting PE. qPCR was then conducted with RNAs isolated from control embryos and the two isolated populations. As demonstrated in Figure 4 , COX-2 expression increased 3.75-fold over control in the cohort exhibiting PE. By comparison, the nonedematous cohort exhibited a slight, nonsignificant increase in COX-2 expression compared with control. This increase is likely due to a latent onset of edema in this cohort as all TCDD embryos exposed to 1 ppb TCDD, exhibit edema after grow out to 10 dpe.
To determine whether pharmacological or genetic inhibition COX-2 rescues TCDD-induced PE, studies were conducted using NS398 (Caymen chemical Co., # 70590), a selective pharmacological inhibitor of COX-2. 0.2 and 1 ppb TCDDtreated embryos were continuously incubated with 20lM NS398 up to 6 dpe at which time embryos were scored for PE incidence and severity. As demonstrated in Figure 5 , treatment with NS398 after a 1-h exposure to TCDD, significantly inhibited both PE incidence (Fig. 5A ) and severity (Fig. 5B) at low and at high TCDD concentrations.
To further test the role of COX-2 expression in TCDDinduced PE phenotype, we modified COX-2 gene induction using MO gene knockdown approach. Our earlier finding that NS398 reduced COX-2 gene expression allowed us to test the possibility that by blocking COX-2 induction, we would protect against onset and severity of PE. A translation initiation MO was designed to medaka COX-2 and injected into 1-2 cellstage embryos. Embryos were then exposed to 0.2-ppb TCDD for 1 h, grown out for a 6-day incubation period, and assessed for incidence and severity of PE (Fig. 6 ). Under these conditions, injections of COX-2 morpholinos consistently inhibited onset and severity of PE.
Correlation analysis was conducted to demonstrate the relationship between COX-2 gene expression and severity of pericardial phenotype. Medaka embryos were exposed to 0.05-1 ppb TCDD for 1 h and grown out for 6 days. Embryos were subsequently assessed for severity of PE and COX-2 expression using qPCR. Figure 7 illustrates a direct correlation between the two determinants with an R 2 value of 0.844.
AA-Induced Pericardial Edema and COX-2 Expression
Given that upregulation in cyclooxygenase (COX) expression likely results in an increased production of cellular AA, we examine whether AA itself could recapitulate some of the developmental phenotypes observed with TCDD exposure. After conducting a range finding study (data not presented), we found that a continuous 6-day exposure between 100 and 450lM AA was sufficient to initiate PE. AA exposures resulted in a similar array of developmental cardiovascular phenotypes as observed with TCDD including PE, yolk sac edema, decreased and static blood flow, hemorrhage, and elongation of the heart tube with improper looping. We additionally observed formation of a truncated tail and shortening of the interocular distance with AA treatment (data not shown). As with TCDD, we then partitioned 200lM AA-treated embryos into two cohorts following a 6-day continuous treatment, i.e., those individuals exhibiting PE and those individuals that did not develop PE by day 6. COX-2 gene expression was determined for the control vehicle-treated group and the two AA-exposed populations. As illustrated in Figure 8A , COX-2 gene expression was upregulated in the presence of AA. When compared with control, AA treatment resulted in a 4.2-fold induction of COX-2 gene expression in the cohort of embryos exhibiting PE. Conversely, those individual embryos exposed to AA but lacking the PE phenotype had no appreciable increase in COX-2 gene expression compared with both control and the PE group. To test the possibility that AA itself functioned through the classical AhR/ARNT/DRE mechanism, we examined whether CYP1A expression was induced in AAtreated PE and non-PE embryo cohorts. As demonstrated in Figure 8B , there was no significant induction of CYP1A expression in any of the AA-treated cohorts, suggesting that PE induction and COX-2 expression can be induced independently of AhR/ARNT/DRE.
Lastly, we determined whether the COX inhibitor NS398 would additionally inhibit AA-induced PE phenotype as described earlier for TCDD. Here medaka embryos were coexposed to 200lM AA in the presence of 20lM NS398 continuously for a 6-day incubation period. As demonstrated in Figure 9 , control vehicle-exposed embryos and embryos exposed to NS398 only exhibited no PE. Embryos treated with 200lM AA resulted in a significant increase in PE compared with control, whereas addition of NS398 significantly rescued the AA-induced PE incidence and severity (Figs. 9A and 9B ).
FIG. 2. Incidence and severity of PE in medaka embryos. (A)
Incidence and (B) severity of PE phenotype at 6 dpe to 0.01-1 ppb TCDD (1-h exposure). Severity and incidence of PE was determined as described in the ''Materials and Methods'' section. Significant differences between treatment was determined using one-way ANOVA, p value < 0.05, followed by NewmanKeuls Multiple Comparison test within the Prism4 software package (GraphPad Software, Inc.). All experiments consisted of three replicate experimental wells containing 10 embryos per well and each experiment replicated at least three times.
FIG. 3.
Quantitative, real-time PCR data for COX-2 expression in medaka embryos 6 dpe to 0.01-1 ppb TCDD. Data were normalized to medaka 18s and are represented as the mean mRNA level ± SEM. A significant change in COX-2 was determined using one-way ANOVA, p value < 0.05, followed by Newman-Keuls Multiple Comparison test within the Prism4 software package (GraphPad Software Inc.). Data were logarithmically transformed as needed to improve equality of variances. All experiments consisted of three replicate experimental wells containing 10 embryos per well and each experiment replicated at least three times. All qPCR was conducted in triplicate.
PERICARDIAL EDEMA AND RELATIVE COX-2 EXPRESSION ORYZIAS LATIPES
DISCUSSION
Dioxin and other AhR ligands are well known to result in multiple, defined developmental phenotypes including PE and circulatory failure in small aquarium fish models. In this study, we demonstrate that AhR activation by TCDD results in stimulation of inflammation and eicosanoid pathways. We have focused on PE as a prototypic, apical, and sensitive end point of AhR-induced developmental cardiovascular toxicity. We additionally take advantage of the extended developmental timing of medaka embryos where we relate onset and progression of cardiovascular events to critical stages in heart development in this species. Our observed characteristics of PE include typical swelling of the pericardial sac and elongation of the heart tube. PE first appears at stage 30 and arises after bilateral heart development and heart tube formation have occurred. This is consistent with initiation of medaka heart chamber formation and looping. This aspect of cardiovascular development occurs prior to concentric heart chamber growth beginning at stage 34 (Taneda et al., 2010) .
Few investigations have demonstrated a linkage between AhR-induced cardiovascular phenotypes and inflammatory mediators. Here we questioned whether production of PE is associated with modifications in embryonic inflammatory response. We targeted COX-2 given its well-established role in the production of AA, a precursor of pro-and antiinflammatory prostanoids capable of impacting heart morphogenesis and vascular permeability. Assessment of the medaka genome in the ensembl database (http://uswest.ensembl.org/ Oryzias_latipes/Info/Index) suggests that medaka contain a single-copy gene for both COX-1 and COX-2. We thus first established that medaka embryos express basal levels of COX-2 as early as stage 28 (data not shown). This was necessary given that aspects of cellular immunity are under development in embryos. For example, Lam et al. (2004) stated that morphologic and functional maturity of the immune system in medaka occurs 4-6 weeks after fertilization. On the other hand, Grabher et al. (2007) showed definitive properties of differentiated macrophages cells as early as stage 18 (26 hpf) in the rostral-most lateral mesoderm surrounding the cardiac field. These cells actively patrolled the entire embryo and their migratory path was not random but followed well-defined routes and respected tissue barriers .   FIG. 4 . Quantitative, real-time PCR data for COX-2 expression in medaka embryos 6 dpe to 1 ppb TCDD or DMSO vehicle. TCDD-treated embryos were separated into two populations ''Edema'' or ''No-Edema'' based upon presence of pericardial swelling as described in ''Materials and Methods'' section. Relative COX-2 mRNA transcript levels were normalized to medaka 18s and are represented as the mean mRNA level ± SEM. A significant change in COX-2 was determined using one-way ANOVA, p value < 0.05, followed by Newman-Keuls Multiple Comparison test within the Prism4 software package (GraphPad Software, Inc.). Data were logarithmically transformed as needed to improve equality of variances. All experiments consisted of three replicate experimental wells containing 10 embryos per well and each experiment replicated at least three times. All qPCR was conducted in triplicate.
FIG. 5.
Incidence and severity of PE phenotype at 6 dpe to 0.2 or 1.0 ppb TCDD with and without coexposure to 20lM NS398. (A) Incidence and (B) severity. Medaka embryos were treated to TCDD and NS398 as described in ''Materials and Methods'' section. Severity and incidence of PE was determined as described in ''Materials and Methods'' section. Significant differences between treatments were determined using one-way ANOVA, p value < 0.05, followed by Newman-Keuls Multiple Comparison test within the Prism4 software package (GraphPad Software, Inc.). All experiments consisted of three replicate experimental wells containing 10 embryos per well and each experiment replicated at least three times.
DONG, MATSUMURA, AND KULLMAN
Our results demonstrate that TCDD-induced PE correlates with expression of the inflammatory mediator COX-2. Previous in vitro studies demonstrated that TCDD induces a rapid mobilization of intracellular Ca þ2 and induction of COX-2 in mouse hepatoma cells (Puga et al., 1997) . Similarly, PCBs are well known to elicit inflammatory responses in several cell types including vascular endothelial cells (Arzuaga et al., 2007) , neutrophils (Bezdecny et al.2005 (Bezdecny et al. , 2007 , rat fibroblasts (Kim et al., 2005) , and human mast cells (Kwon et al., 2002) . These findings suggest a linkage between exposure to chlorinated organics, cardiovascular disease, and atherosclerosis (Kopf and Walker, 2009; Vogel et al., 2004) . Such linkage may be due to activation of inflammatory-mediated responses including activation and/or release of proinflammatory mediators (COX-2), IL-1b, IL-6, and tumor necrosis factor-a. Several recent mammalian studies propose that exposure to TCDD triggers a rapid increase in intracellular calcium concentration, activation of calcium-dependent cytosolic PLA 2 and subsequent induction of COX-2 and AA release Matsumura, 2008, 2009 ). This response occurs in multiple cell types including foam cells, macrophages, adipocytes, epithelial cells, and others (Dong and Matsumura, 2008; Li and Matsumura, 2008; Sciullo et al., 2009; Vogel et al., 2004) . In fact, non-coplanar PCBs and o,p#-dichlorodiphenyltrichloroethane, which are not AhR ligands, elicit strong inflammatory responses that are mediated by the induction of COX activity (Bezdecny et al., 2007 (Bezdecny et al., , 2005 Han et al., 2008; Kim et al., 2005; Kwon et al., 2002) .
Within both mouse and human COX-2 promoters regions, DREs have been identified (Sirois and Richards, 1993) along with cis elements for CCAAT enhancer binding protein, cAMP response element-binding protein, and activator protein 1 (Yang and Bleich, 2004) . Using ChiP analysis, Degner et al. (2009) demonstrated that TCDD induced the association of human AhR to a DRE within the human COX-2 promoter. TCDD treatment additionally recruited histone acetyl transferase p300 and acetylated histone H4 (AcH4), suggesting that regulation of COX-2 occurs through a classical genomic (nuclear) mechanism. Conversely, additional reports suggest a putative nonclassical/nonnuclear mechanism of AhR-driven COX-2 gene expression (Dong et al., 2010; Wong et al., 2010) . Using a combination of small interfering RNA against ARNT, DRE-decoy treatments, DRE mutations, and AhR nls mice, where AhR does not translocate to the nucleus, an alternate mechanism of COX-2 induction is proposed Dong et al., 2010) .
To establish some insight into the mechanism of COX-2 induction in medaka embryos, we sought to inhibit COX-2-mediated onset and progression of the PE phenotype. Using both pharmacological (NS398) and genetic (morpholino) approaches, we were able to significantly reduce COX-2 expression and subsequent incidence and severity of PE. Although we have not definitively established a mechanism of COX-2 induction in medaka, we demonstrate that both TCDD and AA upregulate COX-2 gene expression. COX-2 induction is additionally observed in zebrafish following exposure to aristocholic acid (Huang et al., 2007) and tetradecanoylphorbol acetate (Ishikawa and Herschman, 2007) where PE is observed. The fact that PE is induced by non-AhR agonists suggests that FIG. 6 . Effect of medaka COX-2 translation initiation morpholino on (A). Pericardial edema severity. Medaka embryos were microinjected with morpholinos at the one-to two-cell-stage followed by exposure to 0.2 ppb TCDD as described in ''Materials and Methods'' section. Severity of PE was determined by measuring total pericardial area using NIH Image J software. Significant differences between treatments were determined using one-way ANOVA, p value < 0.05, followed by Newman-Keuls Multiple Comparison test within the Prism4 software package (GraphPad Software, Inc.). All experiments consisted of three replicate experimental wells containing 10 embryos per well and each experiment replicated at least three times. All qPCR was conducted in triplicate.
FIG. 7.
Correlation analysis for relative COX-2 mRNA expression and severity of PE. Medaka embryos were treated to TCDD at a concentration of 0.05, 0.1, 0.2, 0.3, 0.5, or 1 ppb for 1 h. Severity of PE was determined by measuring total pericardial area using NIH Image J software. Following assessment of severity, embryos were harvested for mRNA and subjected to qPCR for medaka COX-2 transcript. qPCR data were normalized to medaka 18s and are represented as the mean mRNA level ± SEM. Correlation analysis was conducted in Prism4 software package (GraphPad Software, Inc.) by plotting relative medaka COX-2 expression on the y-axis and pericardial area on the x-axis. All experiments consisted of three replicate experimental wells containing 10 embryos per well and each experiment replicated at least three times. All qPCR was conducted in triplicate.
PERICARDIAL EDEMA AND RELATIVE COX-2 EXPRESSION ORYZIAS LATIPES some cardiovascular phenotypes can be initiated independently of AhR/ARNT/DRE signaling pathway. What remains to be resolved is whether TCDD functions to induce medaka COX-2 through the nuclear actions of AhR/ARNT/DRE, through a nonnuclear mechanisms as described by Matsumura (2009) , or through an alternative mechanism such as complexation of AhR with alternate dimerization partners.
COX isoforms have complex roles in normal cardiovascular function and disruption in COX-1/COX-2 activity is associated with several cardiovascular pathologies (Carney and Chen et al., 2006; Chang et al., 2006; Streicher and Wang, 2008; Suzuki et al., 2006; Zidar et al., 2007 Zidar et al., , 2008 . Furthermore, it has been recently observed that chronic use of COX-2 inhibitors increases the risk of heart disease (Streicher and Wang, 2008) . The exact role of COX-2 in cardiac pathogenesis remains equivocal, but the role of COX 2 in promoting PG synthesis and subsequent inflammation response is well established (Vane et al., 1998) . COX-2-mediated production and homeostatic regulation of PG signaling is essential for proper cardiovascular development. A recent study in zebrafish describes the role of prostanoid signaling in atrioventricular morphogenesis (Scherz et al., 2008) . Valve formation in zebrafish occurs through multiple phases and each is sensitive to subtle morphological changes after modification in COX-2-dependent signaling. Embryos treated with selective COX-2 inhibitors NS398 and CAY10404 exhibited improper endocardial thickening and deficits in valve function resulting in retrograde blood flow. COX-2 inhibition alters myocardial cell shape in the posterior dorsal outer curvature of the ventricle resulting in myocardial bending (Scherz et al., 2008) . Effects of COX-2 inhibition were traced to PGF 2 and TXA 2 where an effective balance between these FIG. 9. Incidence and severity of PE phenotype following a constant 6-day exposure to 200lM AA with and without coexposures to 20lM NS398. (A) Incidence and (B) severity. Medaka embryos were treated to AA and NS398 as described in the ''Materials and Methods'' section. Severity and incidence of PE was determined as described in the ''Materials and Methods'' section. Significant differences between treatments were determined using one-way ANOVA, p value < 0.05, followed by Newman-Keuls Multiple Comparison test within the Prism4 software package (GraphPad Software, Inc.). All experiments consisted of three replicate experimental wells containing 10 embryos per well and each experiment was replicated at least three times.
FIG. 8.
Quantitative, real-time PCR data of COX-2 and Cyp1A expression in medaka embryos following a constant 6-day exposure to 200lM AA or DMSO vehicle. AA treated embryos were separated into two populations ''Edema'' or ''No-Edema'' based upon presence of pericardial swelling as described in the ''Materials and Methods'' section. (A) Relative COX-2 expression and (B) relative Cyp1A expression. mRNA transcript levels were normalized to medaka 18s and are represented as the mean mRNA level ± SEM. A significant change in transcript was determined using one-way ANOVA, p value < 0.05, followed by Newman-Keuls Multiple Comparison test within the Prism4 software package (GraphPad Software, Inc.). Data were logarithmically transformed as needed to improve equality of variances. All experiments consisted of three replicate experimental wells containing 10 embryos per well, and each experiment was replicated at least three times. All qPCR was conducted in triplicate. 220 DONG, MATSUMURA, AND KULLMAN PGs is essential for proper myocardial cell shape and valve formation. Comparatively, zebrafish embryos exposed to TCDD exhibit heart morphologies similar to those observed with COX-2 inhibition including blood regurgitation from dysmorphogenic atrioventricular and ventriculobulbar valves (Mehta et al., 2008) . These effects are consistent with disruption of cellular patterns associated with normal valve development and, at later stages of development, interference with endothelial cell positioning essential for formation of functional valves (Auman and Yelon, 2004; Auman et al., 2007) .
It is well known that COX-2 is important for supplying PGs to maintain tissue homeostasis and that both COX-1 and COX-2 are likely involved in the development of inflammatory diseases (Loftin et al., 2002) . We speculate that proper COX-2 expression is essential for regulating appropriate balance in prostanoid signaling during heart development and that disruption in this pathway significantly disrupts cardiovascular morphogenesis (He et al., 2010) . This fact is illustrated by our ability to recapitulate cardiovascular toxicities by exposing embryos to AA. Myocardial phospholipids are the primary source of AA in heart and AA is liberated through the hydrolytic actions of cardiac PLA 2 (Jenkins et al., 2009) . AA serves as a precursor to eicosanoid production through the actions of COX and lipoxygenases. Eicosanoids regulate a diverse array of cellular functions that promote adaptive changes in the myocardium under normal physiologic conditions. Myocardium, endocardium, and vascular smooth muscle rely on paracrine action of eicosanoids to regulate contractile and hemodynamic function. Chronic stress and perturbation of the heart, however, can result in aberrant eicosanoid signaling and deleterious, maladaptive cardiovascular function promoting heart failure (Jenkins et al., 2009) . In fish models, this fact is illustrated by Teraoka et al. (2009, where inhibition of COX-2 and addition of a competitive antagonist to the thromboxane receptor rescued TCDD-induced circulatory failure, and, through induction of COX-2-mediated PE and ventricular hypertrophy following exposure to aristocholic acid (Huang et al., 2007) .
In our studies, the phenomenon of COX-2-triggered cardiovascular toxicities offers the potential to serve as a tool to elucidate inflammatory pathways involved in AhR-mediated heart dysmorphogenesis. Here we propose a model in which a potent AhR ligand mediates induction of embryonic COX-2. This action likely results in subsequent modification of prostanoid production affecting an essential balance in signaling necessary for appropriate heart morphogenesis in these fish models of human disease. 
